More than half of human genes use alternative cleavage and polyadenylation to generate alternative 3 0 untranslated region (3 0 UTR) isoforms. Most efforts have focused on transcriptome-wide mapping of alternative 3 0 UTRs and on the question of how 3 0 UTR isoform ratios may be regulated. However, it remains less clear why alternative 3 0 UTRs have evolved and what biological roles they play. This review summarizes our current knowledge of the functional roles of alternative 3 0 UTRs, including mRNA localization, mRNA stability, and translational efficiency. Recent work suggests that alternative 3 0 UTRs may also enable the formation of protein-protein interactions to regulate protein localization or to diversify protein functions. These recent findings open an exciting research direction for the investigation of new biological roles of alternative 3 0 UTRs.
Evolution of 3 0 UTR Length and Function
A few years ago, it was found that a large fraction of genes use alternative cleavage and polyadenylation to generate alternative 3 0 UTRs [1-5]. Initially, most efforts concentrated on establishing sequencing protocols to map alternative 3 0 UTRs transcriptome wide [6-13] and elucidating how alternative 3 0 UTR ratios are regulated [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , two topics that have been summarized in several recent reviews [25] [26] [27] [28] . Here, the functional roles of alternative 3 0 UTRs are discussed and reasons for why they have evolved are suggested.
It is largely unknown how the biological complexity of organisms is achieved. Most cellular processes are performed by proteins through interactions with other proteins [29, 30] . Therefore, when asked what makes humans different from worms, it was initially surprising that the number of protein-encoding genes and the coding region length have remained fairly constant during evolution from worms to humans [31] [32] [33] [34] . Intuitively, higher protein diversity would enable more complex biological functions. However, higher protein diversity within a constrained space also increases the number of nonfunctional interactions [35, 36] . Therefore, protein concentration and diversity have to be limited to avoid overcrowding. When only a fixed number of proteins are available, biological complexity can still be accomplished through compartmentalization to avoid the coexistence of too many protein types, by the strengthening of specific interactions through cooperativity [35] , and by enabling multifunctionality of existing proteins.
Genome size, and, thus, the noncoding part of the genome, has dramatically increased during evolution from worms to humans. The expansion in noncoding sequences includes the 3 0 UTRs of mRNAs. The number of genes that produce alternative 3 0 UTRs has doubled and 3 0 UTR length has increased from a median of 140 nucleotides (nt) in worms to 1200 nt in humans and even to 2300 nt when examining genes that generate alternative 3 (Figure 1 ) [44] [45] [46] . However, ubiquitously transcribed multi-UTR genes have the longest 3 0 UTRs. They are even longer than the 3 0 UTRs of brain-specific genes and are about 
Regulation of mRNA Localization
If an RBP that is bound to a 3 0 UTR element also interacts with a motor protein, it will localize the mRNA to different subcellular compartments [47] [48] [49] . Asymmetrically localized mRNAs are used to establish cell polarity, direct asymmetric cell division, or sequester protein activity [37] . In the case of the alternative 3 0 UTRs of BDNF, it was shown that only the long 3 0 UTR isoform -which contains the localization elements -is localized to dendrites, where it regulates memory formation [38] . BDNF is a neurotrophin that plays roles in synaptogenesis and activity-dependent forms of synaptic plasticity [50] . Even modest alterations in BDNF levels are associated with behavioral changes in humans and mice, such as abnormal feeding behavior, alterations in episodic memory, and susceptibility to anxiety and depression. Transcription of BDNF is regulated by alternative promoters, but, regardless of the promoter, the BDNF gene generates alternative 3 0 UTRs. The short 3 0 UTR isoform localizes BDNF mRNA and protein to the soma of neurons but the long 3 0 UTR is necessary for localization of BDNF to the dendrites ( Figure 2A , Key Figure) [38]. Mice that lack the long 3 0 UTR of BDNF have altered dendritic spine morphology and decreased plasticity of dendritic synapses. In summary, mice lacking the long 3 0 UTR isoform of BDNF had impaired long-term potentiation of hippocampal neurons [38] . This study demonstrates that differential localization of BDNF 3 0 UTR isoforms is required for differential functions of BDNF in the soma and dendrites of neurons.
Regulation of Translation
If an RBP that is bound to a 3 0 UTR element interacts with translation initiation factors, it can regulate translation of the mRNA. RBPs that mediate translational repression include Pumilio, Maskin, TIAR, and Musashi-1 [51] [52] [53] . As a consequence, alternative 3 0 UTR isoforms that either include or exclude the cis elements can be translated with different efficiencies. This was shown to be the case for the alternative 3 0 UTR isoforms of BDNF, whose translation rates are regulated in a temporal manner. It was shown that the short 3 0 UTR isoform of BDNF is translated in unstimulated hippocampal neurons. Neuronal activation of these neurons led to a switch in Each cell of a clonal population expresses varying amounts of alternative 3 0 UTR isoforms, which may contribute to differences in protein expression and phenotypic diversity among the population. AA indicates a poly(A) tail.
polysome association of the alternative 3 0 UTR isoforms and resulted in exclusive translation of the long 3 0 UTR isoform ( Figure 2B ) [39] . This suggests that the short 3 0 UTR isoform is responsible for the generation of basal BDNF levels, whereas the long 3 0 UTR regulates activity-dependent production of BDNF. Neuronal activation also leads to transcriptional upregulation of BDNF, but the switch in isoform translation occurs first and enables an immediate increase in BDNF protein levels [39] .
Another example of how alternative 3 0 UTRs regulate translation was shown for polo, which encodes Polo-like kinase in Drosophila [54] . High levels of Polo are required for the proliferation of abdominal epidermis precursor cells during development. It was demonstrated that the long 3 0 UTR isoform of polo is translated with much higher efficiency than the short 3 0 UTR isoform.
Furthermore, deletion of the proximal polyadenylation signal of polo had no phenotypic effect whereas deletion of the distal polyadenylation signal, which abrogated the function of the long 3 0 UTR isoform, led to death of the flies during development. This result indicated that the higher translation rates of the long 3 0 UTR isoform are required for the massive proliferation of epidermis precursor cells [54] .
Regulation of mRNA Stability
If an RBP that is bound to a 3 0 UTR element recruits deadenylation or decapping factors, it will destabilize the mRNA and thus affect its half-life. The best-studied cis elements that control mRNA stability are miRNA-binding sites and AU-rich elements [40, [55] [56] [57] [58] . Thus, the binding of RBPs such as AUF1/hnRNPD, TTP, or KSRP that bind to AU-rich elements or the miRNAmediated recruitment of Ago results in mRNA destabilization and short mRNA half-lives. Many proteins whose levels need to be tightly controlled are regulated at the level of mRNA stability, including oncogenes, cytokines, cell cycle regulators, and signaling proteins [57, [59] [60] [61] [62] .
If these genes generate alternative 3 0 UTRs, the alternative 3 0 UTR isoforms can control protein abundance levels, which was shown for oncogenes [5] . The shorter 3 0 UTRs of several oncogenes were more stable than their corresponding long 3 0 UTR isoforms and produced up to 40-fold more protein [5] . The genes that were chosen for investigation in this study had an enrichment of destabilizing elements in their long 3 0 UTRs and thus had a high potential for differential regulation of mRNA stability by alternative 3 0 UTRs [5]. The difference in protein output generated by either the long or short 3 0 UTR isoform was sufficient for a phenotypic difference, as was shown for CCND2 and IGF2BP1 (IMP-1) [5] . IGF2BP1 is an oncogene that when expressed with a short 3 0 UTR generated IMP-1 protein amounts that were sufficient for oncogenic transformation of fibroblasts in soft agar or in mice [5, 63] . By contrast, expression of IGF2BP1 under the same promoter but with its long 3 0 UTR had no transforming abilities. Thus, the expression of shorter 3 0 UTR isoforms of genes whose long 3 0 UTR isoforms are enriched in negative regulatory elements resulted in increased protein expression. This study also showed that oncogenes can be activated through a change in 3 0 UTR isoform ratios [5] .
This finding led to the prediction that shorter 3 0 UTRs that escape regulation by 3 0 UTR elements would be more stable and produce more protein, since most of the 3 0 UTR elements known at the time, such as miRNA-binding sites, AU-rich, and GU-rich elements, had negative effects on gene expression [40, 55, 56, 64] . When this prediction was tested in studies conducted in yeast, mammalian cell lines, or primary T cells [22, [65] [66] [67] , either no correlation [65, 67] or only a weak correlation between shorter 3 0 UTRs and increased mRNA stability was found [22, 66] . Meanwhile, more extensive studies on the effects of regulatory sequences had shown that many 3 0 UTR elements have positive effects on gene expression [68] [69] [70] . Recent data even show that Figure 2C ) [72] . Avoidance of miRNA-mediated regulation as a means for cell typespecific regulation was confirmed by a transcriptome-wide study on cell lines that showed that approximately 10% of predicted miRNA target sites were affected by the expression of alternative 3 0 UTRs [73] . The scaffold function of 3 0 UTRs was predominantly studied for the CD47 gene, which generates alternative 3 0 UTR isoforms and encodes a membrane protein. It was found that CD47 protein generated by the short CD47 3 0 UTR isoform (CD47-SU) was predominantly retained in the endoplasmic reticulum whereas CD47 protein generated by the long 3 0 UTR isoform (CD47-LU) efficiently localized to the plasma membrane. CD47-SU and CD47-LU have an identical amino acid sequence and the difference in protein localization was shown to be independent of mRNA localization, suggesting that the 3 0 UTRs regulate protein localization [43] .
With respect to the mechanism ( Figure 2D ), it was demonstrated that the long CD47 3 0 UTR binds the RBP HuR, which recruits the effector protein SET [74] to the site of translation. During translation of CD47, SET is transferred from the mRNA to the nascent protein, resulting in a protein complex between SET and CD47-LU [43] . The formation of the protein complex depended on the presence of the long 3 0 UTR of CD47 because CD47-SU did not interact with SET. SET also binds to RAC1 and active RAC1 translocated SET/CD47-LU to the plasma membrane [43, 75] . As a result, CD47-LU efficiently localized to the plasma membrane whereas CD47-SU, which does not have binding sites for HuR and thus does not recruit SET, was retained in the endoplasmic reticulum [43] . Intriguingly, this mechanism of 3 0 UTR-dependent membrane protein localization was not restricted to the regulation of CD47 but resulted in efficient plasma membrane localization of additional candidates. It was speculated that this localization mechanism may be especially important for membrane proteins with several transmembrane domains, such as G protein-coupled receptors, which are known to be difficult to express in heterologous systems [76] . These results suggest that inclusion of the endogenous 3 0 UTR or of a 3 0 UTR that is competent for SET recruitment may increase the surface localization of these proteins that are difficult to express.
In addition to regulating protein localization, the scaffold function of 3 0 UTRs was also shown to determine protein function, at least for CD47. CD47-LU interacts with SET and RAC1, which resulted in colocalization with RAC1 at the plasma membrane, RAC1 hyperactivation, lamellipodium formation, and cell migration [43] . By contrast, CD47-SU did not interact with SET or RAC1 and lacked all RAC1-mediated functions, despite also being localized to the plasma membrane like CD47-LU [43] . These findings demonstrate that proteins with identical amino acid sequences that localize to the same cellular compartment, but are generated by alternative 3 0 UTRs, can perform alternative functions due to the generation of alternative protein complexes. Thus, alternative 3 0 UTRs can diversify protein functions without changing the amino acid sequence.
It is currently unknown how widespread is the scaffold function of 3 0 UTRs. Many RBPs other than HuR have domains that mediate protein-protein interactions [77] [78] [79] [80] [81] . Thus, it is likely that HuR is not the only RBP able to recruit effector proteins to the site of translation to direct the functions of nascent proteins. It is also likely that the scaffold function of 3 0 UTRs is not restricted to the regulation of membrane proteins but also affects cytosolic or nuclear proteins. It can be speculated that 3 0 UTR-recruited effector proteins may have diverse functions. They may act as chaperones and result in alternative protein folds or they may help with the formation of multiprotein complexes by facilitating protein-protein interactions ( Figure 2E ). Furthermore, it can be imagined that they act as enzymes that add alternative post-translational modifications to the nascent protein, which was shown to be the case for CEBPB [82] .
Finally, it can be speculated that the scaffold function may play a role in miRNA-mediated gene regulation. However, miRNA effects are often subtle; therefore, it is possible that AGO may act similarly to other RBPs and recruit diverse effector proteins to nascent peptide chains to change the function of the nascent proteins.
RNA Editing and Alternative 3 0 UTRs Contribute to Phenotypic Diversity
RNA editing changes the sequence of the RNA without changing the DNA. Thus, mRNA editing contributes to individual variation in gene expression and results in diversification of the transcriptome within a tissue or cell type. Interestingly, regardless of the type of RNA editing -A to I by ADAR [83] , C to U by APOBEC1 [84] , mRNA pseudouridilation [85, 86] , or m6A modifications [87, 88] -all modifications show enrichment in 3 0 UTRs. m6A modifications were thought to be enriched surrounding stop codons [87, 88] . However, a more detailed study revealed that m6A modifications mark the beginning of the terminal exon and thus may be involved in determining the end of a transcript [89] . An important feature of RNA modifications is that not all transcripts are modified, which suggests a role for RNA editing in diversification of the transcriptome.
Diversification of the transcriptome can also be achieved by the expression of alternative 3 0 UTRs.
Several 3 0 -end sequencing studies showed that the number of 3 0 UTR isoforms generated by a gene depends on the stringency of the cut offs used to call the presence of an isoform [6,12,13]. When only robustly expressed alternative 3 0 UTR isoforms were considered, the fraction of human genes that generated alternative 3 0 UTRs was about 50% [13] . However, if minor isoforms were also included, up to 79% of mouse or human genes produced alternative 3 0 UTRs and generated, on average, four isoforms [12,13]. Extensive alternative 3 0 UTR isoform diversity was also seen in clonal populations such as cell lines or exponentially growing yeast [12, 13, 90] . Furthermore, mapping of 3 0 UTR isoform expression in single cells from mouse embryonic stem cells and neural stem cells revealed that although the developmental state globally determined isoform expression, single cells from the same state often differed in the choice of isoform [91] . Genes with higher variability in isoform expression were often moderately expressed, which suggests that many of these isoforms are expressed at less than one copy per cell. As a result, different transcriptomes may be expressed in different single cells ( Figure 2F ) [91] . Taking these findings together, 3 0 UTRs use RNA editing or alternative cleavage and polyadenylation to diversify the transcriptome and thus contribute to epigenetic gene regulation.
Concluding Remarks
3 0 UTR-mediated gene regulation seems to have expanded during evolution and appears to be an integral part of the functional diversity seen in higher organisms. The multifunctionality of proteins facilitated by alternative 3 0 UTRs may contribute to increased biological complexity. To fully understand the functional roles of 3 0 UTRs, it will be important to determine all the RBPs that bind to specific 3 0 UTRs (see Outstanding Questions). Two similar methods that identify the RBPs associated with long noncoding RNAs were recently established and identified the proteins bound to Xist [92, 93] . These methods can also be applied to identify RBPs bound to specific 3 0 UTRs.
RBPs are highly interactive at the RNA and protein levels [80, 81, 94] . In addition to identifying the RBPs that bind to specific 3 0 UTRs, it will be important to determine the protein interaction partners of these RBPs. As illustrated above, the interaction partners of the RBPs are ultimately responsible for the different functions that are mediated by each 3 0 UTR. If the interaction partner is a motor protein, the mRNA will localize to different subcellular compartments, while if the interaction partner is a deadenylase or a translation initiation factor, the stability or the translation rate of the mRNA may change [48, 58] .
One challenge will be to dissect the different functions that can be performed by a single RBP. This is illustrated for HuR. HuR can regulate alternative polyadenylation [95, 96] , stabilize transcripts [97] , increase translation [98] , or regulate membrane protein localization [43] . It will be important to understand how a specific function of an RBP is selected to act on a single mRNA.
One possibility is that post-translational modifications or protein interaction partners determine context-specific functions of RBPs [99, 100] .
The recent identification of approximately 800 RBPs in a cell [80, 81] intrinsically disordered regions (IDRs) [80] . Proteins with IDRs, together with mRNAs or small RNAs, are the major components of RNA granules [101, 102] . Overexpression of IDRs of known RBPs resulted in liquid phase transitions leading to the generation of RNA granules or RNA droplets because of their liquid-like behavior [101, 103, 104] . RNA granules can contain 100-fold higher concentrations of proteins with IDRs than the surrounding cytoplasm [105] and thus may facilitate many mRNA-based processes such as signaling, splicing, degradation, storage, and transport of mRNAs [105, 106] . The purification of the mRNA components of RNA granules showed that the average 3 0 UTR length within granules was over fivefold longer than the average 3 0 UTR length found in the cytoplasm [102] . Intriguingly, the 3 0 UTR length of mRNAs within RNA granules is similar to the length of long 3 0 UTR isoforms, whereas single-UTR genes or mRNAs with short 3 0 UTRs seem to be present in the cytoplasm. These findings suggest that mRNAs with long 3 0 UTRs, which seem to be covered with RBPs, predominantly reside and carry out their functions within RNA granules. To understand the biology of 3 0 UTRs, it will be important to view them in the context of the bound RBPs and within diverse types of RNA granules. 
